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$EVWUDFW
,Q SQHXPDWLF SUHVVXUH FRQWURO DSSOLFDWLRQV WKH LQIOXHQFH RI WXEHV WKDW FRQQHFW WKH YDOYH
ZLWK WKH FRQWURO YROXPH LV PDLQO\ QHJOHFWHG 7KLV FDQ OHDG WR VWDELOLW\ DQG UREXVWQHVV
LVVXHV DQG OLPLW HLWKHU FRQWURO SHUIRUPDQFH RU WXEH OHQJWK 0RGHOLQJ DQG FRQVLGHULQJ
WXEH EHKDYLRU LQ FRQWUROOHU GHVLJQ SURFHGXUH DOORZV ORQJHU WXEHV ZKLOH PDLQWDLQLQJ WKH
UHTXLUHG SHUIRUPDQFH DQG UREXVWQHVV SURSHUWLHV ZLWKRXW QHHG IRU PDQXDO WXQLQJ 7KH
DXWKRU¶V SUHYLRXVO\ SXEOLVKHG 6LPSOLILHG )OXLG 7UDQVPLVVLRQ /LQH 0RGHO DQG WKH SURSRVHG
PRGHOEDVHG FRQWUROOHU GHVLJQ HQDEOH WKH VSHFLILFDWLRQ RI D GHVLUHG SUHVVXUH WUDMHFWRU\ LQ
WKH FRQWURO YROXPH ZKLOH WKH SUHVVXUH VHQVRU LV PRXQWHG GLUHFWO\ DW WKH YDOYH 7KXV ZLULQJ
HIIRUW LV UHGXFHG DV ZHOO DV FRVW DQG WKH FKDQFH RI FDEOH EUHDN RU VHQVRU GLVWXUEDQFH ,Q
RUGHU WR YDOLGDWH WKH VLPXODWHG UHVXOWV WKH SURSRVHG FRQWURO VFKHPH LV LPSOHPHQWHG RQ D
UHDOWLPH V\VWHP DQG FRPSDUHG WR D VWDWHRIWKHDUW SUHVVXUH UHJXODWLQJ YDOYH
.(<:25'6 IOXLG WUDQVPLVVLRQ OLQH PRGHO PRGHOEDVHG SUHVVXUH FRQWURO VWDWH
REVHUYHU VHQVRU SODFHPHQW
 ,QWURGXFWLRQ
7KH UHVHDUFK RQ IOXLG WUDQVPLVVLRQ OLQHV KDV D ORQJ KLVWRU\  DQG VLQFH WKHQ QXPHU
RXV PRGHOV ZLWK YDU\LQJ OHYHOV RI GHWDLO KDYH EHHQ GHULYHG 6WHFNL HW DO   JLYH DQ
RYHUYLHZ RI WKH PRVW SURPLQHQW PRGHOV LQ OLWHUDWXUH 7KHVH PRGHOV FRQVLVW RI WUDQVFHQ
GHQWDO WUDQVIHU IXQFWLRQV DQG LQ RUGHU WR XVH WKHP LQ VLPXODWLRQV GLIIHUHQW DSSUR[LPDWLRQ
PHWKRGV ZHUH GHYHORSHG E\     $OWKRXJK UHVHDUFK RQ WUDQVPLVVLRQ OLQHV LV TXLWH
FRPPRQ WKH DFWXDO XVH RI WKRVH PRGHOV LQ WRGD\¶V FRQWUROOHU GHVLJQ LV QRW 8VXDOO\ FRQ
QHFWLQJ WXEHV DUH DVVXPHG WR EH VKRUW HQRXJK RU ² LQ FDVH RI ORQJHU WXEHV ² FRQWURO
SHUIRUPDQFH DQG UREXVWQHVV SURSHUWLHV DUH ORVW 2QO\ IHZ DXWKRUV H[SOLFLWO\ FRQVLGHU IOXLG
OLQHV LQ FRQWUROOHU GHVLJQ
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,Q   WKH LPSDFW RQ VWDELOLW\ RI D ORQJ K\GUDXOLF WUDQVPLVVLRQ OLQH LQ D SURSRUWLRQDO
FRQWUROOHG FORVHGORRS ZDV LQYHVWLJDWHG ,Q D VLPXODWLRQ VWXG\ WKH DXWKRUV FRPSDUHG GLI
IHUHQW OLQH OHQJWKV IURP P WR P DSSUR[LPDWLRQ RUGHUV DQG FRQWUROOHU JDLQV )RU D OLQH
OHQJWK RI P WKH\ IRXQG D PRGHO RI G\QDPLF RUGHU HLJKW VXLWDEOH WR GHVLJQ D PDQXDOO\
WXQHG VWDEOH FRQWUROOHU ZLWK RQO\  RYHUVKRRW IRU VWHS LQSXWV 7XQD\ HW DO  SUR
SRVHG D PRGHOEDVHG UREXVW FRQWUROOHU IRU D K\GUDXOLF DLUFUDIW EUDNH V\VWHP 7KH PRGHO
LQFOXGHV YDOYH G\QDPLFV WKH WUDQVPLVVLRQ OLQH RI DERXW P OHQJWK DQG D FRQVWDQWYROXPH
EUHDN FDYLW\ :LWK D SUHVVXUH VHQVRU DQG D IORZ GLUHFWLRQ VHQVRU SODFHG DW WKH YDOYH WKH\
LPSURYHG WKH EDQGZLGWK RI WKH IRUPHU RSHQORRS EUDNH V\VWHP IURP +] WR +]
5LFKHU HW DO  GHYHORSHG D VOLGLQJ PRGH FRQWUROOHU IRU D KLJKSHUIRUPDQFH IRUFH
FRQWUROOHG VHUYRSQHXPDWLF F\OLQGHU GULYH ZLWK WXEHV 7KHLU IXOORUGHU FRQWUROOHU DFKLHYHG
VXSHULRU UHVXOWV IRU ORQJ WXEHV RI P OHQJWK $ UHGXFHGRUGHU FRQWUROOHU WKDW GRHV QRW
FRQVLGHU WXEH G\QDPLFV ZDV VKRZQ WR KDYH ZHDN SHUIRUPDQFH ZLWK WKH ORQJ WXEHV EXW
JRRG SHUIRUPDQFH ZLWK VKRUW WXEHV RI P OHQJWK
7KH JRDO LQ WKLV SDSHU LV WR JLYH LQVLJKW LQWR WKH SUREOHPV WKDW FDQ DULVH IURP WKH QHJOHFW
RI WXEH EHKDYLRU LQ D SQHXPDWLF SUHVVXUH FRQWURO ORRS ,W LV PDGH FOHDU WKDW WKH SHUIRU
PDQFH RI VWDWHRIWKHDUW SUHVVXUH FRQWURO FDQ RQO\ EH LPSURYHG LI DGGLWLRQDO LQIRUPDWLRQ
RQ WKH SODQW DQG D GLIIHUHQW FRQWURO VWUXFWXUH LV DSSOLHG 7KHUHIRUH D PRGHOEDVHG FRQ
WUROOHU GHVLJQ SURFHGXUH IRU D FRQVWDQW YROXPH DQG WXEHV RI XS WR P OHQJWK LV SURYLGHG
7R EH FRPSHWLWLYH ZLWK H[LVWLQJ SUHVVXUH UHJXODWLQJ YDOYHV LQ WHUPV RI UHSODFHDELOLW\ DQG
FRVW RQO\ YDOYHLQWHUQDO SUHVVXUH VHQVRUV DUH XVHG 7KH FRQWURO DOJRULWKP LQFOXGHV IHHG
IRUZDUG FRQWURO VWDWH IHHGEDFN DQG D VWDWH REVHUYHU ZLWK D WXEH PRGHO DQG LV H[SHULPHQ
WDOO\ YDOLGDWHG
 6WDWH RI WKH $UW
7KH SODQW PRGHO IRU D VWDWHRIWKHDUW SUHVVXUH FRQWUROOHU FRQVLVWV RI D VHUYR YDOYH D SUHV
VXUH VHQVRU DQG D FRQVWDQW YROXPH DFFRUGLQJ WR )LJXUH  D 7KH SUHVVXUH VHQVRU LV
XVXDOO\ LQWHJUDWHG LQ WKH YDOYH DQG VLQFH YDOYH DQG YROXPH DUH FRQQHFWHG ZLWKRXW D WXEH
WKH LQWHUQDO VHQVRU UHWXUQV WKH DFWXDO SUHVVXUH LQ WKH YROXPH $ VLPXODWLRQ RI WKLV VHWXS
LV VKRZQ LQ )LJXUH  RQ WKH OHIW +HUH WKH YDOYH LV RSHQHG FRPSOHWHO\ IRU  V DQG WKH
ሶ݉
݌
D 'HVLJQ ZLWKRXW WXEH
݌୧
ሶ݉ ୧ ሶ݉ ୭
݌୭
E 2SHUDWLRQ ZLWK WXEH
)LJXUH  6WDWHRIWKHDUW GHVLJQ DQG RSHUDWLRQ RI D SQHXPDWLF SUHVVXUH FRQWURO
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YROXPH LV ILOOHG IURP DPELHQW SUHVVXUH WR DERXW  EDU
)LJXUH  E VKRZV WKH VHWXS ZKHUH YDOYH DQG YROXPH DUH FRQQHFWHG ZLWK D SQHXPDWLF
WXEH 7KLV LV WKH W\SLFDO FDVH IRU LQGXVWULDO DSSOLFDWLRQV ZKHUH YDOYHV DUH SODFHG FHQWUDOO\
LQ YDOYH WHUPLQDOV DQG WKH FRPSRQHQWV ² HJ YROXPHV RU F\OLQGHUV ² DUH FRQQHFWHG ZLWK
WXEHV 7KH SUHVVXUH VHQVRU LV VWLOO PRXQWHG DW WKH YDOYH DQG WKHUHIRUH GRHV QRW PHDVXUH
WKH SUHVVXUH LQ WKH YROXPH DQ\ ORQJHU EXW WKH YDOYH SUHVVXUH ݌୧ $Q RSWLRQDO SUHVVXUH
VHQVRU GHWHFWV WKH YROXPH SUHVVXUH ݌୭ 7KH LQIOXHQFH RI WKH WXEH FDQ EH VHHQ LQ )LJXUH 
RQ WKH ULJKW VLGH 7KH YDOYH SUHVVXUH ULVHV IDVWHU WKDQ WKH YROXPH SUHVVXUH DQG LV PXFK
KLJKHU ZKLOH IORZ LV FRQVWDQW 7KH SUHVVXUH LQ WKH YROXPH LV VOLJKWO\ GHOD\HG DQG ULVHV
VORZHU XS WR RQO\  EDU 2VFLOODWLRQV LQ WKH PDVV IORZ DQG SUHVVXUH FDQ EH VHHQ 7KH
GLIIHUHQFH LQ WKH PDVV IORZV DW LQOHW DQG RXWOHW RI WKH WXEH FRUUHVSRQGV WR WKH LQIODWLRQ RI
WKH WXEH¶V LQQHU YROXPH
,I WKH WXEH JHWV WRR ORQJ DQG LWV LQIOXHQFH WRR ELJ WR LJQRUH LW LV FRPPRQ SUDFWLFH WR PRXQW
D VXSSOHPHQWDU\ SUHVVXUH VHQVRU DW WKH YROXPH (YHQ WKRXJK WKH UHDO YROXPH SUHVVXUH
LV QRZ DYDLODEOH WKH WUDQVPLVVLRQ EHKDYLRU IURP YDOYH PDVV IORZ WR YROXPH SUHVVXUH LV
VWLOO GLIIHUHQW IURP WKH FDVH ZLWKRXW WKH WXEH VHH )LJXUH  ,Q DGGLWLRQ WR WKDW H[WHUQDO
VHQVRUV LQFUHDVH FRVW VHQVRU FRVW FDEOLQJ DQG LQSXW WR WKH FRQWUROOHU DQG WKH FKDQFH
RI FDEOH EUHDN DQG VHQVRU GLVWXUEDQFH 7KHUH DUH DOVR HQYLURQPHQWDO FRQGLWLRQV ZKHUH
HOHFWULF GHYLFHV DUH QRW DSSOLFDEOH HJ H[WUHPH WHPSHUDWXUHV HOHFWURPDJQHWLF ILHOGV RU
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)LJXUH  ,QIOXHQFH RI WKH WXEH ZLWK P OHQJWK DQG PP LQQHU GLDPHWHU DW WKH
YHQWLODWLRQ RI D FRQVWDQW YROXPH RI  /
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$V D FRPSDULVRQ IRU WKH FRQWURO FRQFHSW WKDW ZLOO EH GHULYHG LQ WKLV SDSHU D VWDWHRIWKHDUW
FRQWUROOHU GHVLJQ  LV UHYLVLWHG EULHIO\ ,Q WKH FRQWUROOHU GHVLJQ PRGHO YDOYH DQG YROXPH
DUH FRQQHFWHG GLUHFWO\ ZKLFK PHDQV WKDW WKH YDOYH PDVV IORZ HTXDOV WKH YROXPH PDVV






ZKHUH ݌ DQG ሶ݉ DUH SUHVVXUH DQG PDVV IORZ LQ WKH YROXPH RI VL]H ୴ܸ ݊୴ LV WKH SRO\WURSLF










߬ ݏ ൅ ͳ 
LQFOXGHV DSSUR[LPDWH YDOYH G\QDPLFV PRGHOHG DV D ILUVWRUGHU ODJ ZLWK WLPH FRQVWDQW ߬
7KH UHDO V\VWHP LQSXW LV QRW D PDVV IORZ EXW D YROWDJH VLJQDO WKDW FRQWUROV WKH FURVV
VHFWLRQ RI WKH YDOYH 7KH UHVXOWLQJ PDVV IORZ GHSHQGV RQ FURVV VHFWLRQ VXSSO\ SUHVVXUH
DQG YDOYH SUHVVXUH ݌ :LWK D YDOYH PRGHO WKLV GHSHQGHQFH FDQ EH LQYHUWHG DQG WKH PDVV
IORZ ሶ݉ EHFRPHV D YLUWXDO LQSXW RI WKH SODQW 7KLV PDNHV FRQWUROOHU GHVLJQ HDVLHU VLQFH WKH
QRQOLQHDU YDOYH EHKDYLRU LV H[FOXGHG IURP WKH GHVLJQ SURFHGXUH






߬ ୴ܸ ݏଶ ൅ ୴ܸ ݏ ൅ ݊୴ܴ୬ ୬ܶ ݇ ǡ 
WKH FRQWUROOHU JDLQ
݇ ൌ ୴ܸͶܦଶ ݊୴ܴ୬ ୬ܶ ߬ 
LV FDOFXODWHG LQ GHSHQGHQFH RI D GHVLUHG GDPSLQJ IDFWRU ܦ
7R VKRZ WKH QHFHVVLW\ RI FRQVLGHULQJ WXEHV LQ FRQWUROOHU GHVLJQ WKH IROORZLQJ VLPXODWLRQ
VWXG\ LV FDUULHG RXW 7KH FRQWURO ODZ LQ (TXDWLRQ  ZLWK ܦ ൌ ͳ LV DSSOLHG WR WKUHH GLIIHUHQW
VHWXSV )LUVW WKH YROXPH ZLWKRXW WXEH DV LQ )LJXUH  D VHFRQG WKH YROXPH ZLWK WXEH
DQG LQWHUQDO SUHVVXUH VHQVRU DQG WKLUG WKH YROXPH ZLWK WXEH DQG H[WHUQDO SUHVVXUH VHQVRU
DFFRUGLQJ WR )LJXUH  E 7KH GLIIHUHQFHV EHWZHHQ WKH WKUHH VHWXSV DUH VKRZQ LQ D
1\TXLVW SORW DQG D WLPH GRPDLQ VLPXODWLRQ LQ )LJXUH  7KH WXEH KDV D OHQJWK RI P DQG
DQ LQQHU GLDPHWHU RI PP 7KH WHUPLQDO YROXPH KDV D VL]H RI  / :LWKRXW D WXEH
WKH FRQWUROOHU ZRUNV DV H[SHFWHG QR RYHUVKRRW RU RVFLOODWLRQV D ODUJH SKDVH PDUJLQ DQG
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଴ ଴Ǥଶ ଴Ǥସ ଴Ǥ଺ ଴Ǥ଼
ڄଵ଴ఱ
7LPH >V@
)LJXUH  &RPSDULVRQ RI D VWDWHRIWKHDUW SUHVVXUH FRQWURO ZLWK DQG ZLWKRXW WXEH DQG
GLIIHUHQW VHQVRU SODFHPHQWV
LQILQLWH DPSOLWXGH PDUJLQ ,Q WKH QH[W VHWXS YDOYH DQG YROXPH DUH FRQQHFWHG ZLWK D
WXEH DQG WKH SUHVVXUH VHQVRU LV SODFHG DW WKH YDOYH $ QRWLFHDEOH GHFUHDVH RI WKH SKDVH
PDUJLQ FDQ EH VHHQ LQ WKH 1\TXLVW SORW 6LQFH WKH YDOYH SUHVVXUH LV FRQWUROOHG LW IROORZV WKH
GHVLUHG WUDMHFWRU\ EXW WKH YROXPH SUHVVXUH LV PXFK ORZHU LQ WKH WUDQVFHQGHQW WUDQVLWLRQ ,I
WKH VHQVRU LV SODFHG DW WKH YROXPH WKH WUDFNLQJ SHUIRUPDQFH LV FRPSDUDEOH WR WKH VHWXS
ZLWKRXW WXEH +RZHYHU WKH RVFLOODWLRQV LQ WKH SUHVVXUH VLJQDO DQG WKH 1\TXLVW SORW VKRZ
WKDW WKH FORVHGORRS LV RSHUDWHG FORVH WR WKH VWDELOLW\ PDUJLQ DQG WKH UREXVWQHVV SURSHUWLHV
RI WKH FRQWUROOHU GHVLJQ DUH ORVW
7KH VLPXODWLRQ VWXG\ VKRZV WKDW WXEH EHKDYLRU PXVW EH FRQVLGHUHG LQ WKH FRQWURO GHVLJQ
SURFHGXUH 5HJDUGOHVV RI WKH VHQVRU ORFDWLRQ UREXVWQHVV SURSHUWLHV ² OLNH SKDVH PDU
JLQ DQG DPSOLWXGH PDUJLQ ± DV ZHOO DV SHUIRUPDQFH ZHUH GHFUHDVHG $OWKRXJK PDQXDO
WXQLQJ RI WKH FRQWUROOHU PLJKW KDYH LPSURYHG UREXVWQHVV DQG SHUIRUPDQFH LQ VRPH FDVHV
D PRGHOEDVHG GHVLJQ SURFHGXUH KDV FOHDU DGYDQWDJHV ,W VLPSOLILHV WKH VWDUWXS RI WKH
FRQWURO ORRS HQVXUHV UREXVWQHVV SURSHUWLHV LQGHSHQGHQW RI WKH WXEH JHRPHWU\ DQG IXUWKHU
LPSURYHV WKH FRQWURO SHUIRUPDQFH













)LJXUH  %ORFN GLDJUDP RI WKH OLQHDU WXEH PRGHO ZLWK WHUPLQDO YROXPH
 &RQWUROOHU 'HVLJQ
,Q WKH SUHFHGLQJ SDSHU  D QRQOLQHDU SQHXPDWLF WXEH PRGHO RI G\QDPLF RUGHU WZR ZDV
GHULYHG DQG YDOLGDWHG 7KH FRPSDFW VWUXFWXUH HQDEOHV WKH FRQVLGHUDWLRQ RI WXEH EHKDYLRU













Ͷ ܣ୲ ݈୲ ൫ ሶ݉ ୧ െ ሶ݉ ୭൯ F
FRQVLVWV RI D FRQVWDQW WHUPLQDO YROXPH ² VHH (TXDWLRQ  ² DQG WKH SQHXPDWLF WXEH
ZKHUH ݈୲ LV WKH OHQJWK ܣ୲ WKH LQQHU FURVV VHFWLRQ ȰሺȈǡ Ȉሻ WKH SUHVVXUH GURS DQG ܿ୲ WKH
SRO\WURSLF VRQLF YHORFLW\ RI WKH WXEH 7KH WXEH PRGHO FRQVLVWV RI WZR GLIIHUHQWLDO HTXDWLRQV
WKDW FRPSXWH PDVV IORZ ሶ݉ ୭ DW RXWOHW DQG SUHVVXUH ݌୧ DW WKH LQOHW RI WKH WXEH LQ GHSHQGHQFH
RI PDVV IORZ ሶ݉ ୧ DW WKH LQOHW DQG SUHVVXUH ݌୭ DW WKH RXWOHW RI WKH WXEH 7KH WHUPLQDO YROXPH
WKDW LV SODFHG DW WKH WXEH¶V RXWOHW PRGHOV WKH GHSHQGHQFH EHWZHHQ SUHVVXUH ݌୭ DQG PDVV
IORZ ሶ݉ ୭ DQG FRQQHFWV WZR RI WKH IRXU SRUWV RI WKH WXEH PRGHO 7KH FRQWURO YDULDEOH ݕ ൌ ݌୭
LV WKH YROXPH SUHVVXUH WKH DFWXDWLQJ YDULDEOH ݑ ൌ ሶ݉ ୧ WKH YDOYH PDVV IORZ 6LQFH WKH
FRQWUROOHU PRVWO\ RSHUDWHV DURXQG D FRQVWDQW VHWSRLQW WKH PDVV IORZ LQ WKH WXEH LV VPDOO
DQG DLU IULFWLRQ LV DVVXPHG WR EH ODPLQDU 7KH QRQOLQHDU SUHVVXUH GURS LQ WKH WXEH LV
VLPSOLILHG WR
Ȱሺ ሶ݉ ୭ǡ ݌୭ሻ ൌ ܴ୲ ݈୲ ሶ݉ ୭ 
ZLWK WKH ODPLQDU IULFWLRQ FRHIILFLHQW ܴ୲ ൌ ͺߨ ߤ୬Ȁܣଶ୲ DQG OHDGV WR D OLQHDU V\VWHP EHKDYLRU










































ǡ ۱ଵ ൌ ቂͳ Ͳ Ͳቃ 
































)LJXUH  %RGH SORW RI WKH RSHQORRS DQG FORVHGORRS V\VWHP RQ WKH OHIW DQG WKH
FORVHGORRS V\VWHP ZLWK UHGXFHG IHHGIRUZDUG FRQWURO RQ WKH ULJKW
DUH GHULYHG IURP (TXDWLRQV D WR F 7KH OLQHDU V\VWHP LV FRQWUROODEOH IRU DOO WXEH DQG
YROXPH SDUDPHWHUV ZKLFK HQDEOHV WKH XVH RI D OLQHDU VWDWH IHHGEDFN FRQWUROOHU $VVXPHG
WKDW WKH IXOO V\VWHP VWDWH ܠ LV DYDLODEOH WKH GHVLUHG FORVHGORRS FKDUDFWHULVWLF SRO\QRPLDO
FDQ EH VWDWHG DV
ȫୢሺݏሻ ൌ ݏଷ ൅ ܽଶ ݏଶ ൅ ܽଵ ݏ ൅ ܽ଴Ǥ 
%\ HTXDWLQJ WKH FRHIILFLHQWV RI WKH GHVLUHG DQG WKH FORVHG ORRS¶V FKDUDFWHULVWLF SRO\QRPLDO

















ቀ݇ଶ୕ ݇ୖ െ ܽଶ ݇୕ቁ ݇୚ ൅ ܽ଴
݇୚ ݇୕ ݇୔
݇ଶ୕ ݇ଶୖ െ ሺܽଶ ݇ୖ ൅ ݇୔ ൅ ݇୚ሻ ݇୕ ൅ ܽଵ
݇୕ ݇୔


















݈୲ ǡ ݇ୖ ൌ ܴ୲ ݈୲ǡ ݇୔ ൌ
ߨଶ ܿଶ୲
Ͷ ܣ୲ ݈୲ Ǥ 
7KH FORVHGORRS SROHV DUH FKRVHQ WR GDPS WKH WXEH UHVRQDQFH DQG FRXQWHUDFW WKH LQWHJUDO
DFWLRQ RI WKH SODQW 7KH UHVXOWLQJ IUHTXHQF\ UHVSRQVH RI WKH FORVHGORRS WUDQVIHU IXQFWLRQ LV
GHSLFWHG LQ )LJXUH  RQ WKH OHIW 7KH VWHDG\VWDWH JDLQ DQG DGGLWLRQDO FRQWURO SHUIRUPDQFH
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LV DFKLHYHG E\ WKH UHGXFHG IHHGIRUZDUG FRQWURO 
݌୭ǡ୤୤ ൌ ቆ݇୤୤ǡଵ ൅ ݇୤୤ǡଶ

ݐቇ ݌୭ୢ ǡ 
ZKHUH
݇୤୤ǡଵ ൌ ݇୤ୠǡଵ ൅ ݇୤ୠǡଷǡ ݇୤୤ǡଶ ൌ
݇୤ୠǡଷ ݇୔ ݇ୖ ൅ ݇୤ୠǡଶ ݇୔ ൅ ݇୔ ൅ ݇୚
݇୔ ݇୚ Ǥ 
,QVWHDG RI DSSO\LQJ WKH QHFHVVDU\ WKUHH WLPH GHULYDWLYHV IRU SHUIHFW IHHGIRUZDUG FRQWURO
RQO\ WKH ILUVW GHULYDWLYH LV XVHG ,W FDQ EH FDOFXODWHG RQOLQH HYHQ IRU QRLV\ VHWSRLQW VLJQDOV
² HJ JLYHQ E\ D VXSHUSRVHG FRQWURO ORRS ² DQG DVVXUHV ODJIUHH WUDFNLQJ IRU UDPS
VKDSHG UHIHUHQFH WUDMHFWRULHV 1HJOHFWLQJ KLJKHU WLPH GHULYDWLYHV UHVXOWV LQ RYHUVKRRWV
IRU WKLV WUDMHFWRU\ W\SH DV LV LQGLFDWHG LQ WKH PDJQLWXGH UHVSRQVH LQ )LJXUH  RQ WKH ULJKW
7KH VKRZ VRPH SURSHUWLHV RI WKH FRQWURO FRQFHSW D VLPXODWLRQ RI WKH FRQWUROOHU ZLWK WKH
OLQHDU PRGHO LV VKRZQ LQ )LJXUH  $VLGH IURP WKH RYHUVKRRW DW EHJLQQLQJ DQG HQG RI WKH
UDPS WKH YROXPH SUHVVXUH ݌୭ IROORZV WKH GHVLUHG WUDMHFWRU\ H[DFWO\ 7KH UHVXOWLQJ YDOYH


























)LJXUH  6LPXODWLRQ RI WKH OLQHDU SODQW ZLWK VWDWH IHHGEDFN DQG IHHGIRUZDUG FRQWURO
 6WDWH 2EVHUYDWLRQ
7KH FRQWUROOHU ZDV GHVLJQHG XQGHU WKH DVVXPSWLRQ WKDW WKH FRPSOHWH V\VWHP VWDWH LV DYDLO
DEOH ,Q SULQFLSOH WKH VWDWHV ² LH YDOYH SUHVVXUH YROXPH SUHVVXUH DQG YROXPH PDVV
IORZ ² FDQ EH PHDVXUHG GLUHFWO\ )RU WKH DERYH VWDWHG UHDVRQV LW LV DGYDQWDJHRXV WR
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UHGXFH WKH DPRXQW RI VHQVRUV WR D PLQLPXP DQG SODFH WKHP DV FORVH WR WKH YDOYH DV
SRVVLEOH 7KH XVDJH RI PDVV IORZ VHQVRUV SRVHV DGGLWLRQDO SUREOHPV ,Q FRPSDULVRQ
WR SUHVVXUH VHQVRUV WKH\ DUH FRQVLGHUDEO\ PRUH H[SHQVLYH DQG KDYH D WLPH GHOD\ 7KH
GHWHFWLRQ RI WKH PDVV IORZ LV QRW UHDFWLRQOHVV VHQVRUV DFW DV D VXSSOHPHQWDU\ WKURWWOH
DQG PRVW IORZ VHQVRUV ZRUN RQO\ XQLGLUHFWLRQDO 7KLV DQG WKH DYDLODELOLW\ RI D JRRG SODQW
PRGHO PRWLYDWHV WKH XVH RI D VWDWH REVHUYHU
:LWK WKH LQSXW ሶ݉ ୧ DQG WKH PHDVXUHG YDOYH SUHVVXUH ݌୧ LW LV SRVVLEOH WR UHFRQVWUXFW WKH
IXOO V\VWHP VWDWH 7KLV FDQ EH VKRZQ ZLWK DQ REVHUYDELOLW\ DQDO\VLV RI WKH PDWULFHV LQ
(TXDWLRQ  DQG WKH RXWSXW PDWUL[ ۱ଶ ൌ ቂͲ Ͳ ͳቃ 7KH REVHUYHU IHHGEDFN LV EDVHG RQ WKH
OLQHDU PRGHO DQG WKH IRUZDUG VLPXODWLRQ RQ WKH QRQOLQHDU PRGHO :KLOH OLQHDU IHHGEDFN LV
VXIILFLHQW IRU VWDELOLW\ DQG WUDQVLHQW UHVSRQVH RI WKH REVHUYHU HUURU WKH IRUZDUG VLPXODWLRQ
QHHGV WR LQFOXGH WKH QRQOLQHDU SUHVVXUH GURS LQ RUGHU WR UHSURGXFH WKH V\VWHP¶V VWDWHV
DFFXUDWHO\ 7KH GHVLJQ RI WKH REVHUYHU IHHGEDFN LV WKH GXDO SUREOHP RI VWDWH IHHGEDFN
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Ͷ ܣ୲ ݈୲ ൫ ሶ݉ ୧ െ
ǁሶ݉ ୭൯ ൅ ݈ଷ ݁ F
ZKHUH ǁȈ DUH HVWLPDWHG TXDQWLWLHV DQG ݁ ൌ ݌୧െ ǁ݌୧ LV WKH REVHUYHU HUURU 7KH REVHUYHU PRGHO
GHSHQGV RQ LWV LQSXW WKH YDOYH PDVV IORZ ሶ݉ ୧ $JDLQ WKH PDVV IORZ FRXOG EH PHDVXUHG
GLUHFWO\ E\ PDVV IORZ VHQVRUV ZLWK VDLG GLVDGYDQWDJHV ,Q FRQWUDVW WR WKH YROXPH PDVV
IORZ KRZHYHU WKH YDOYHPDVV IORZ FDQ EH FDOFXODWHG ZLWK D YDOYHPRGHO XVLQJ YDOYH FRQWURO
ߥ DQG SUHVVXUH ݌୧ DQG DGGLWLRQDO PHDVXUHPHQWV RI VXSSO\ DQG H[KDXVW SUHVVXUH 7KHVH
VHQVRUV UDLVH WKH FRVW EXW VLQFH SUHVVXUH VHQVRUV DUH HDVLO\ DYDLODEOH LQ YDOYH WHUPLQDOV
WKH LPSURYHG DFFXUDF\ RXWZHLJKV WKH DGGLWLRQDO FRVW 7KH VFKHPDWLF UHSUHVHQWDWLRQ RI
WKH FRPSOHWH FRQWURO ORRS ZLWK IHHGIRUZDUG FRQWURO YDOYH LQYHUVLRQ VWDWHIHHGEDFN DQG
VWDWH REVHUYHU LV GHSLFWHG LQ )LJXUH 










)LJXUH  6FKHPDWLF UHSUHVHQWDWLRQ RI WKH FRQWURO DOJRULWKP ZLWK IHHGIRUZDUG FRQWURO
II YDOYH LQYHUVLRQ LQY VWDWHVSDFH FRQWUROOHU ۹ REVHUYHU REVY DQG SODQW
 ([SHULPHQWDO 9DOLGDWLRQ
7KH FRQWURO DOJRULWKP LV YDOLGDWHG LQ WZR GLIIHUHQW VHWXSV 6HWXS  LQFOXGHV D ORQJ WKLQ
WXEH RI P OHQJWK DQG PP LQQHU GLDPHWHU DQG VHWXS  D VKRUW WKLFN WXEH RI P OHQJWK
DQG PP LQQHU GLDPHWHU 7KH WHUPLQDO YROXPH KDV D VL]H RI  / LQ ERWK FDVHV
$FFRUGLQJ WR WKH GHVLJQ SURFHGXUH WKH FRQWURO DOJRULWKP GHSHQGV RQ SUHVVXUH VLJQDOV DW
WKH YDOYH RQO\ ² LH YDOYH SUHVVXUH VXSSO\ SUHVVXUH  EDU DQG H[KDXVW SUHVVXUH 7KH
DGGLWLRQDO VHQVRUV IRU YDOYH PDVV IORZ ELGLUHFWLRQDO YROXPH PDVV IORZ XQLGLUHFWLRQDO
DQG YROXPH SUHVVXUH DUH XVHG IRU HYDOXDWLRQ RI WKH FRQWURO DOJRULWKP
$V D FRPSDULVRQ IRU WKH FRQWUROOHU LQ WKLV SDSHU WKH FRQWURO WDVN LV SHUIRUPHG ZLWK D VWDWH
RIWKHDUW SUHVVXUH UHJXODWLQJ YDOYH 7KH YDOYH KDV DQ LQWHJUDWHG SUHVVXUH VHQVRU DQG
WKUHH VHOHFWDEOH FRQWUROOHU PRGHV )RU WKH PHDVXUHPHQWV EHORZ WKH ³IDVW´ PRGH LV XVHG
(YHQ WKRXJK WKLV FRQILJXUDWLRQ LV QRW DGYLVHG LQ WKH PDQXDO IRU VHWXS  LW JDYH FRQVLGHU
DEOH EHWWHU UHVXOWV WKDQ WKH ³XQLYHUVDO´ RU ³SUHFLVH´ PRGH LQ WHUPV RI G\QDPLFV RYHUVKRRW
DQG VWHDG\VWDWH HUURU 7KH XSSHU SDUW RI )LJXUH  VKRZV WKH SUHVVXUH FRQWURO ZLWK WKH
ORQJ WKLQ WXEH 7KH YDOYH SUHVVXUH IROORZV WKH GHVLUHG YROXPH SUHVVXUH WUDMHFWRU\ ZLWK
VPDOO GHOD\ DQG RVFLOODWLRQ 'XH WR WKH WXEH EHKDYLRU WKH YROXPH SUHVVXUH VKRZV PDMRU
GHYLDWLRQV 6LQFH WKH UHJXODWLQJ YDOYH KDV QR LQIRUPDWLRQ RQ WXEH OHQJWK RU YROXPH VL]H
WKHVH GHYLDWLRQV FDQQRW EH HOLPLQDWHG LQ WKLV VHWXS 7KLV OHDGV WR D WUDFNLQJ HUURU DFWXDO
YROXPH SUHVVXUH FRPSDUHG WR GHVLUHG YROXPH SUHVVXUH RI  7KH UHVXOW IRU WKH VKRUW
WKLFN WXEH LQ WKH ORZHU SDUW RI )LJXUH  LV FRQVLGHUDEO\ EHWWHU 7KH LQIOXHQFH RI WKH WXEH LQ
WHUPV RI SUHVVXUH GURS DQG SKDVH GHOD\ LV PXFK ORZHU DQG WKHUHIRUH LQFUHDVHV WKH RYHUDOO
FRQWURO SHUIRUPDQFH WR D WUDFNLQJ HUURU RI RQO\ 
7KH SURSRVHG FRQWURO DOJRULWKP VKRXOG IXUWKHU LQFUHDVH WKH FRQWURO SHUIRUPDQFH 6LQFH
WKH DOJRULWKP UHTXLUHV WKH FRPSOHWH V\VWHP¶V VWDWH EXW RQO\ D YDOYH SUHVVXUH VHQVRU LV
DYDLODEOH D JRRG VWDWH HVWLPDWLRQ LV QHHGHG (VSHFLDOO\ LI WKH DFWXDO FRQWURO YDULDEOH ²
WKH YROXPH SUHVVXUH ² LV QRW PHDVXUHG EXW HVWLPDWHG WKH REVHUYHU¶V DFFXUDF\ LV YLWDO
)LJXUH  VKRZV WKH YDOLGDWLRQ RI WKH REVHUYHU IRU WKH ORQJ WKLQ WXEH 7KLV LV WKH PRUH
GHPDQGLQJ VHWXS IRU WKH REVHUYHU VLQFH WKH WXEH¶V LQIOXHQFH LV PXFK KLJKHU WKDQ LQ VHW
XS  7KH HVWLPDWLRQV RI YROXPH DQG YDOYH SUHVVXUH H[FHOOHQWO\ PDWFK WKH PHDVXUHG
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YDOXHV 7KH HVWLPDWLRQ HUURU LV OHVV WKDQ PEDU ZKLOH WKH PHDQ SUHVVXUH GURS LQ WKH
WXEH LV PEDU 7KH VPDOO GHYLDWLRQV RI WKH YROXPH PDVV IORZ DUH VXEMHFW WR PRGHO
LQDFFXUDFLHV DQG ZLOO QRW KDYH D ELJ HIIHFW RQ FRQWURO SHUIRUPDQFH %HFDXVH WKLV VWDWH LV

































)LJXUH  6WDWHRIWKHDUW SUHVVXUH UHJXODWLQJ YDOYH ZLWK WKH ORQJ WKLQ WXEH RQ WKH WRS







































)LJXUH  2EVHUYHU YDOLGDWLRQ ZLWK WKH ORQJ WKLQ WXEH














ڄଵ଴ఱ VKRUW WKLFN WXEH













଴ ଵ ଶ ଷ ସ ହ ଺
ڄଵ଴షయ
7LPH >V@
)LJXUH  &RQWUROOHU YDOLGDWLRQ ZLWK WKH ORQJ WKLQ WXEH DQG WKH VKRUW WKLFN WXEH
)LJXUH  RQ WKH OHIW VKRZV WKH FRUUHVSRQGLQJ SUHVVXUH FRQWURO ZLWK WKH ORQJ WKLQ WXEH
7KH YROXPH SUHVVXUH IROORZV WKH GHVLUHG WUDMHFWRU\ DFFXUDWHO\ ZLWK D FRQWURO HUURU ORZHU
WKDQ PEDU  7KH UHVXOWLQJ YDOYH SUHVVXUH DFFRXQWV IRU WXEH SURSHUWLHV DQG LV
QHFHVVDU\ WR DFKLHYH WKH GHVLUHG YROXPH SUHVVXUH 7KH ORZHU SDUW RI WKH SORW VKRZV WKH
YDOLGDWLRQ RI WKH YDOYH LQYHUVLRQ 7KH PHDVXUHPHQW PDWFKHV WKH GHVLUHG YDOYH PDVV IORZ
RI WKH FRQWUROOHU YHU\ ZHOO
7KH VHFRQG YDOLGDWLRQ VHWXS LQ )LJXUH  RQ WKH ULJKW LQFOXGHV WKH VKRUW WKLFN WXEH 7KH
VPDOO GLIIHUHQFH EHWZHHQ YDOYH DQG YROXPH SUHVVXUH LQGLFDWH WKDW WKH LQIOXHQFH RI WKH WXEH
LV FRPSDUDEO\ VPDOO LQ WHUPV RI SUHVVXUH GURS DQG SKDVH ODJ :LWK D PD[LPXP GHYLDWLRQ
RI PEDU  WKH FRQWURO HUURU LV VOLJKWO\ VPDOOHU WKDQ LQ WKH RWKHU VHWXS $OWKRXJK
WKLV WDVN FRXOG DOVR EH KDQGOHG E\ D VLPSOHU FRQWURO DOJRULWKP WKH DYDLODELOLW\ RI DOO VWDWH
YDULDEOHV DQG WKH PRGHOEDVHG FRQWUROOHU GHVLJQ IRU WKLV H[DFW VHWXS OHDG WR H[FHOOHQW
WUDFNLQJ EHKDYLRU 7KH PD[LPXP VWHDG\VWDWH HUURU IRU ERWK VHWXSV LV PEDU ZKLFK LV
OHVV WKDQ  UHODWLYH HUURU
 &RQFOXVLRQ
7KH RIWHQ QHJOHFWHG LQIOXHQFH RI WXEHV LQ SQHXPDWLF FRQWUROOHU GHVLJQ OHDGV WR UHVWULFWLRQV
OLNH DFKLHYDEOH FRQWURO SHUIRUPDQFH RU SRVVLEOH WXEH OHQJWK (YHQ ZLWK H[WHUQDO VHQVRUV
LW LV QRW SRVVLEOH WR LPSURYH SHUIRUPDQFH DQG UREXVWQHVV RI D VWDWHRIWKHDUW SUHVVXUH
FRQWUROOHU ZLWKRXW DGGLWLRQDO LQIRUPDWLRQ RQ WKH SODQW 7KHVH REVHUYDWLRQV OHG WR D PRGHO
EDVHG FRQWUROOHU GHVLJQ SURFHGXUH WKDW FRQVLGHUV WKH LQIOXHQFH RI WKH WXEH ZLWK D VLPSOH
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WXEH PRGHO 7KH SURSRVHG DOJRULWKP DOORZV WKH VSHFLILFDWLRQ RI D YROXPH SUHVVXUH WUDMHF
WRU\ ZKLOH WKH SUHVVXUH VHQVRUV DUH SODFHG DW WKH YDOYH DQG WKHUHIRUH UHVXOWV LQ ORZHU FRVW
DQG UREXVWQHVV WRZDUGV HQYLURQPHQWDO LPSDFWV ,Q WKH FRQVLGHUHG VHWXS WKH UHPRWH
SUHVVXUH FRQWURO DOJRULWKP OHDGV WR DQ LPSURYHPHQW RI WKH FRQWURO HUURU RI  IRU ORQJ
WXEHV DQG  IRU VKRUW WXEHV FRPSDUHG WR WKH VWDWHRIWKHDUW SUHVVXUH FRQWURO
 5HIHUHQFHV
 * .LUFKKRII 8HEHU GHQ (LQIOXVV GHU :lUPHOHLWXQJ LQ HLQHP *DVH DXI GLH
6FKDOOEHZHJXQJ $QQDOHQ GHU 3K\VLN SS ± 
 - 6 6WHFNL DQG ' & 'DYLV )OXLG WUDQVPLVVLRQ OLQHV² GLVWULEXWHG SDUDPHWHU
PRGHOV SDUW  $ UHYLHZ RI WKH VWDWH RI WKH DUW 3URF ,QVW 0HFK (QJ 3DUW
$ - 3RZHU (QHUJ\ SS ± 
 - 6 6WHFNL DQG ' & 'DYLV )OXLG WUDQVPLVVLRQ OLQHV² GLVWULEXWHG SDUDPHWHU
PRGHOV SDUW  FRPSDULVRQ RI PRGHOV 3URF ,QVW 0HFK (QJ 3DUW $ -
3RZHU (QHUJ\ SS ± 
 - :DWWRQ DQG 0 - 7DGPRUL $ FRPSDULVRQ RI WHFKQLTXHV IRU WKH DQDO\VLV RI
WUDQVPLVVLRQ OLQH G\QDPLFV LQ HOHFWURK\GUDXOLF FRQWURO V\VWHPV $SSO 0DWK
0RGHO SS ± 
 - 0lNLQHQ 5 3LFKp DQG $ (OOPDQ )OXLG WUDQVPLVVLRQ OLQH PRGHOLQJ XVLQJ
D YDULDWLRQDO PHWKRG - '\Q 6\VW 0HDV &RQWURO SS ± 
 $ $OPRQGR : )UDQFR DQG0 6RUOL 0RGDO DSSUR[LPDWLRQ WLPHGRPDLQPRG
HOV IRU SQHXPDWLF WUDQVPLVVLRQ OLQHV 7KH 1LQWK 6FDQGLQDYLDQ ,QWHUQDWLRQDO
&RQIHUHQFH RQ )OXLG 3RZHU 6ZHGHQ 
 ' 5DJHU 5 1HXPDQQ DQG+0XUUHQKRII 6LPSOLILHG )OXLG 7UDQVPLVVLRQ /LQH
0RGHO IRU 3QHXPDWLF &RQWURO $SSOLFDWLRQV 3URFHHGLQJV RI WKH )RXUWHHQWK
6FDQGLQDYLDQ ,QWHUQDWLRQDO &RQIHUHQFH RQ )OXLG 3RZHU 6,&)3 7DPSHUH
)LQODQG 
 1 1 1HGLü 9 ä )LOLSRYLü DQG / 0 'XERQMLü 'HVLJQ RI &RQWUROOHUV :LWK
)L[HG 2UGHU IRU +\GUDXOLF &RQWURO 6\VWHP :LWK D /RQJ 7UDQVPLVVLRQ /LQH
)0( 7UDQVDFWLRQV SS ± 
 1 1 1HGLü / 0 'XERQMLü DQG 9 ä )LOLSRYLü 'HVLJQ RI FRQVWDQW JDLQ
FRQWUROOHUV IRU WKH K\GUDXOLF FRQWURO V\VWHP ZLWK D ORQJ WUDQVPLVVLRQ OLQH
)RUVFKXQJ LP ,QJHQLHXUZHVHQ SS ± 
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 , 7XQD\ ( < 5RGLQ DQG $ $ %HFN 0RGHOLQJ DQG UREXVW FRQWURO GHVLJQ IRU
DLUFUDIW EUDNH K\GUDXOLFV ,((( 7UDQV &RQWURO 6\VW 7HFKQRO SS ±

 ( 5LFKHU DQG < +XUPX]OX $ KLJK SHUIRUPDQFH SQHXPDWLF IRUFH DFWXDWRU
V\VWHP 3DUW ,, ² QRQOLQHDU FRQWUROOHU GHVLJQ - '\Q 6\VW 0HDV &RQWURO
SS ± 
 5 1HXPDQQ %HREDFKWHUJHVWW]WH GH]HQWUDOH HQWNRSSHOQGH 5HJHOXQJ YRQ
5RERWHUQ PLW HODVWLVFKHQ *HOHQNHQ 9',9HUODJ 
 1RPHQFODWXUH
ܣ &URVV VHFWLRQ P
ܿ 3RO\WURSLF VRQLF YHORFLW\ PV
݀ 'LDPHWHU P
ܦ 'DPSLQJ IDFWRU 
۹ 6WDWH IHHGEDFN JDLQ
݈ /HQJWK P
ۺ 2EVHUYHU IHHGEDFN JDLQ
ሶ݉ 0DVV IORZ NJV
ߤ୬ '\QDPLF YLVFRVLW\ PV
݊ 3RO\WURSLF LQGH[ 
ߥ 9DOYH FRQWURO 
݌ 3UHVVXUH DEVROXWH 3D
ȰሺȈǡ Ȉሻ 3UHVVXUH GURS IXQFWLRQ 3D
ܴ୬ 6SHFLILF JDV FRQVWDQW IRU DLU -NJ.
ܴ୲ /DPLQDU IULFWLRQ FRHIILFLHQW PV
୬ܶ 7HPSHUDWXUH .
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߬ 7LPH FRQVWDQW V
ܸ 9ROXPH P
ܠ 6WDWH VSDFH YHFWRU
 LQGH[ IRU WXEH
 LQGH[ IRU WXEH LQOHW DW YDOYH
 LQGH[ IRU WXEH RXWOHW DW YROXPH
 LQGH[ IRU WHUPLQDO YROXPH
 LQGH[ IRU IHHGIRUZDUG
 LQGH[ IRU IHHGEDFN
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